Abstract: PM 2.5 and PM 2.5-10 aerodynamic diameters (x ≤ 2.5 μm) and (2.5 ≥ x ≤ 10 μm) fractions in six Nigerian urban cities (Aba, Abuja, Lagos, Kano, Maiduguri and Port-Harcourt), were monitored using "Gent" stacked filter unit sampler in order to assess elemental concentrations and to perform source apportionment. Twenty-three elements; (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Zr and Pb) were analysed with Ion beam analysis (IBA) based proton induced X-ray emission (PIXE) technique. In addition, enrichment factors (EF) and pollution indices (PI) calculations were performed on the elemental concentration data. Results indicated that the elemental concentration varied across the receptor sites with some elements higher than World Health Organization (WHO) guideline values. PM 2.5-10 ranged from 9 to 45,243 ng m (Port Harcourt). Principal Component Analysis resolved three (soil dust 50%; sea spray 22% and industrial 15%) and four components (soil dust 42%; biomass burning 24%; petroleum products combustion (15%) and industrial emission 5%) as PM 2.5-10 and PM 2.5 sources, respectively.
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PUBLIC INTEREST STATEMENT
It is quite clear from the limited studies available that emerging urban cities in West Africa constitute a huge source of anthropogenic air pollutants and Nigeria have been reported to rank in the top; obviously due to increasing population, economic growth and industrialization. Unfortunately, lack of in situ measurement of ambient air pollutants poses a significant setback for regulators and policy-makers. This challenge prompted us to commence a national screening exercise on one of the criteria pollutants (PM) in six Nigerian potential megacities (Aba, Abuja, Lagos, Kano, Maiduguri, and Port-Harcourt). Chemical signatures of the analysed PM samples indicated that soil dust was prevalent across the country in addition to fingerprints of biomass burning and industrial emission.
Introduction
Urban cities in Africa are known to experience elevated levels of particulate matter (PM) pollution (Obioh et al., 2013) . Nowadays PM have received considerable research interest due to its association with adverse respiratory health impacts, its role in atmospheric photochemistry and chemical composition data could lead to source identification and quantification (Krzyzanowski & Cohen, 2008; World Health Organization, 2006) . Accelerator-based ion beam analysis (IBA) techniques such as proton induced X-ray emission (PIXE) experiment have been applied to the studies of chemical composition of atmospheric PM for many years (Cohen et al., 2004) . They are well suited to such studies as they have several unique advantages; they have multi-elemental analysis capabilities, low minimum detection limits for a very broad range of elements in the Periodic Table and can quantitatively detect pictograms of material in micrograms of sample (Ezeh, Obioh, Asubiojo, & Abiye, 2012) .
PM could be formed directly from a primary source such as fossil fuel combustions, industrial activities, soil dust, sea spray, biogenic emissions or indirectly through the conversion of gaseous emissions to the atmosphere from anthropogenic or natural sources. However, sole dependence on biomass energy and other agricultural activities have increased emissions of PM within local regions and due to dynamic nature of air inadvertently have also led to elevated PM concentration in urban areas (Arku et al., 2008) . As a result, PM are complex mixtures whose chemical compositions presents both challenges and opportunities regarding understanding of its physical and chemical processes and elucidating sources of ambient PM pollution.
Research works into the sources and causes of high PM levels is needed to understand and regulate the factors that contribute to reduced air quality. Source-receptor relationships for particulate matter can be quantified using a number of techniques. Receptor modelling in contrast to emission inventory provides a reliable method to evaluate the relative contributions of different sources based on measurements at receptor sites, associated chemical composition data and source emission chemical profiles. However, most receptor models such as chemical mass balance (CMB) require knowledge of source profile data which are not locally available in most developing nations, thus model output is usually underestimated or overestimated. Again, positive matrix factorization model which does not require knowledge of source profile data requires large data (are often difficult and expensive to obtain) to yield explainable model results. To address these challenges, principal component analysis (PCA) requires relatively small data matrix and no knowledge of local source profiles could be employed (Ezeh, Obioh, & Asubiojo, 2015) . CMB uses numerical approach to account for statistical variances by deriving the least number of major factors or sources (Chan & Mozurkewich, 2007) . PCA model classifies elements according their concentration variances implying that the grouped elements are associated with each other and reduces the number of variables that explains the observed variations in the data-set to a minimum. The study utilized the external-beam set-up for PIXE experiment available at Department of Physics and Astronomy, and Instituto Nazionale di Fisica Nucleare laboratory of University of Firenze, Italy for the elemental compositions of PM 2.5 and PM 2.5-10 collected in Nigerian cities. The data sets obtained from elemental characterization were further analysed with PCA for source identification and apportionment.
Methodology

Study area
Six cities (Figure 1 ) representing six geographical spreads in Nigeria were selected for the study which was conducted between September and October, 2009. The cities were: Aba (5° 07ʹ N, 7° 22ʹ E) a predominantly commercial city located in the south-east region; Abuja (9° 46ʹ N, 7° 22ʹ E), the seat of federal government of Nigeria and represents north-central region; Kano (12° 00ʹ N, 8° 31ʹ E), located in northwest region of Nigeria which is the centre for commerce and industry for Northern Nigeria; Lagos (6° 27ʹ N, 3° 23ʹ E), a coastal city located in south-west region, it has the highest population density (≈ 2,400 person per km 2 ) in Nigeria. Lagos is also the economic and commercial nerve centre of Nigeria. Maiduguri (11° 30ʹ N, 13° 00ʹ E), representing north-east region which is bounded in the North by Chad Republic and in the east by Cameroon, is the most developed city in the north-east region of Nigeria; Port Harcourt (4° 75ʹ N, 7° 00ʹ E) a highly urbanized and industrialized city located in the southern region lies on the coast of Atlantic Ocean. In each of these cities, at least four sampling sites were used as receptor sites due to their reflection of variations in urban infrastructures such as high-density residential (HDR), low-density residential (LDR), industrial (IND), and commercial (COM) features.
Samplings
Samplings were performed with a "Gent" (M250, Schlumberger, Houston, USA) model stacked filter unit (Maenhaut, Francois, & Cafmeyer, 1993) sampler capable of collecting air particulate samples in PM 2.5 (x ≤ 2.5 μm) and PM 2.5-10 (2.5 ≥ x ≤ 10 μm). Samples were collected on pre-weighed and preconditioned Whatman ® Nuclepore filters with flow rates between 16 and 18 L min −1
. Conditioning consisted of keeping filters at about 25°C and 50% constant humidity for 24 h before exposure. Detailed sampling protocols have been documented (Obioh et al., 2013) . Mass-balance analyses of exposed filters were achieved in triplicate measurements using a digital micro-weighing balance (Sartorius, Gottingen, Germany) which was calibrated using automated isoCAL function to ensure accuracy. PM 10 equals the sum of PM 2.5 and PM 2.5-10 values. Exposed filters were stored in a desiccator until analysis.
Elemental analysis
For each PM 2.5 and PM 2.5-10 sample, elemental concentrations were determined by Particle Induced X-ray Emission (PIXE) technique in an external IBA set-up of 3 MV Tandetron accelerator at the Instituto Nationale di Fisica Nucleare Firenze, Italy (Calzolai, Chiari, Lucarelli, Nava, & Portarena, 2010; Calzolai et al., 2006) . Calibration of PIXE system was performed by irradiating suitable certified thin target standards. Fluorescence X-rays from each sample were energy-analysed using two Silicon Drift Detectors (SDD), one optimized for low Z elements (Na-Ca) and the other for high Z elements (Ca and above). Detailed elemental concentrations were calculated as reported in Ezeh et al. (2014) . Twenty-three elements (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Zr and Pb) were sought for and their concentrations established.
Principal component analysis
To identify and apportion sources of particulate matter at study area, PCA of the total PM 2.5 and PM 2.5-10 collected in the cities under study were achieved using Statistical Package for Social Scientist (SPSS) software. Orthogonal transformation method with Varimax rotation was done to get a clearer pattern of components, without changing their relative positions. Thus, retaining principal components with eigenvalues greater one. Due to large numbers of missing concentration values, P and Cs were not used for PCA for PM 2.5-10 . Similarly, Zr, Rb and Cs were not used for PM 2.5 . Detailed methodology for performing PCA can be found (Chan & Mozurkewich, 2007) .
Enrichment factors
Enrichment factor in metals is an indicator commonly used to assess the presence and intensity of anthropogenic contaminant deposition in the aerosol sample. Enrichment factors (EFs) were calculated by the normalization of one metal concentration in the sample with respect to concentration of a reference element. The EF was calculated as follows;
where C n (sample) is the concentration of the examined chemical element in the examined environment, C ref (sample) is the concentration of the examined chemical element in the reference environment, B n is the concentration of the reference chemical element in the examined environment and B ref is the concentration of the reference element in the reference environment. In this work, crustal composition (Taylor, 1964) were used and Ti was used as the normalizing element because it is a crustal element with less anthropogenic influence. Elements with EF next to unity have a strong natural component while elements with high EF could have anthropogenic origin, or are due to other natural sources such as marine aerosols.
Pollution indices
The pollution level by a given element was evaluated with the single pollution index (PIi) calculated as the ratio between background concentrations (C i ) of elements in the sample and its reference value (S i ) metals in continental crust.
(1)
The pollution of the atmospheric particulate matter was classified into three classes; low (PI < 1), moderate (1 < PI ≤ 3) or high (PI > 3) for both size fractions based on dos-Anjos et al. (2000).
Results and discussions
Trace element concentrations
Presented in Tables 1 and 2 are the concentrations of twenty-three (23) elements; Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr, Cs, Pb detected for PM 2.5-10 and PM 2.5 fractions, respectively. Elemental concentrations for PM 2.5-10 samples accounted for 10 to 60% of the overall mass loads while about 7% was for PM 2.5 . This implies that bulk constituents of PM 2.5 fraction was not analysed and could probably be elemental carbon or organic compounds as evidenced by black colour of the exposed filters. Measurement errors ranged from ±1 to ±10% for most species in both fractions. As expected, the range (10-60%) of elemental concentration contribution to PM 2.5-10 is very large due to its large aerodynamic diameter of which markers of soil dust and sea spray are often far more prominent than markers for other sources. Al-Si ratio ranged from 0.30 (Maiduguri) to 0.47 (Abuja) and it agreed with 0.30 for Accra (Arku et al., 2008) and Hong Kong (Cohen et al., 2009 ). Ca-Fe ratios ranged from 0.46 (Aba) to 1.46 (Lagos) and were also close to values for Accra and Hong Kong. Again, soil dust markers were further vindicated by their low EFs (Table 3) (Lagos). Despite variations in Na and Cl concentrations, both elements were strongly correlated (r 2 = 0.72) probably due to similar source origin. Evidence from EF values (Table 3) revealed that Na could be associated to other sources than sea spray as it showed higher EFs compared to Cl. With exception of Abuja, average concentrations of Ni, V, Zn, Br Cu and Cr were similar, probably due to (5) 229 (9) 172 (7) 113 (6) 117 (4) 965 (326) 1,300 (400) ND 1,700 (1,100)
Cl 139 (8) 53 (4) 48 (8) 29 (7) 19 (5) 16 (4) 568 ( (5) 102 (8) 31 (6) 47 (5) 58 (4) 897 (248) 730 (220) 397 (43) 390 (240) Ca 1,216
24 (14) 202 (34) 62 (27) 115 (22) 164 (17) 54 (30) 70 (34) 1,040 (169) 125 (95) Ti 318 (14) 2 (4) 18 (12) 10 (9) 9 (7) 27 (5) 5 (3) 9 (4) ND 25 (13)
28 (1) 188 (2) 50 (1) 89 (2) 214 (3) 67 (31) 130 (43) 1,939 (227) 170 (120) PM 2.5 average elemental concentrations for the cities under study are presented in Table 2 . Again, soil dust elements (Al, Si, Ca, Fe, and Ti) were more pronounced, though with substantially lower concentrations unlike in PM 2.5-10 fraction. For instance, in Aba, Al (3,051 ng m −3 ) and Si (7,089 ng m −3 ) mean concentrations in were about 5 times lower than its corresponding values in PM 2.5-10 fraction. Other elements with significant mean concentrations are S and K. Sulphur mean concentration ranged from 113 ng m −3 (Maiduguri) to 257 ng m −3 (Aba) while K had 17 ng m −3 (lowest) and 341 ng m −3 (highest) at Abuja and Aba, respectively. The origin of S in PM 2.5 fraction could be mainly anthropogenic (fossil fuel combustion, biomass burning, refuse incinerations or industrial emissions) sources. Airborne sulphur rarely occurs as a pure element and it is usually produced as SO 2 gas which readily converts to sulphate SO 2− 4 ions under normal atmospheric conditions. In the atmosphere, SO 2− 4 ions can exist as sulphuric acid (producing acid rain) or neutralized to ammonium sulphate (Lee, Kim, Moon, Kim, & Lee, 2001 ). On the other hand, enrichment factor for K were similar across the cities and could suggests similar source origin. Average Ni concentrations in all the cities were lower than 20 ng m −3 World Health Organization guideline for Europe; however, exposure to Ni(CO) 4 could cause skin rashes and irritations upon continuous inhalation. Other elements such as V, Cr, Mn, Cu, Br and Pb displayed low concentration (<20 ng m −3 ) values and were also not enriched (Table 4) in the study cities. PIs for PM 2.5-10 fraction (Table 3) varied greatly across the elements and study locations. For instance, Cl displayed high pollution class at Aba and Lagos while Na was in low class at all the cities. Al and Si as well as K, Ca and Fe were in the low pollution range across the cities. Br concentrations displayed moderate and high pollution classes. In Maiduguri and Kano, Pb was in the high and moderate pollution classes respectively. Pb pollution in Maiduguri is worrisome and calls for detailed investigations as few industries are cited in the city. For PM 2.5 (Table 4) , S average concentrations were within low pollution class across the cities while only Br was in the moderate PIs range. Low PIs of most elements in PM 2.5 fraction could be a function of the low concentration values.
Comparison of PM 2.5-10 and PM 2.5 mean elemental concentrations
For PM 2.5-10 (Table 1) , Na mean concentrations (this study) were lower than 2,707 ng m −3 and 935 ng m −3 for Kenitra city (Tahri et al., 2013) and Hong Kong (Cohen et al., 2009) ) at Aba was ten times more than value for Kenitra city (Morocco) but lower than Accra and Hong Kong values. With the exemption of Abuja, average concentrations of Si (this study) were higher than values for Accra (Arku et al., 2008) and Nairobi (Gatari, Boman, & Wagner, 2009 ). On the other-hand, Ca average concentrations; 5,603 ng m −3 (Aba) and 6,000 ng m −3 (Maiduguri) were close but lower than 11,300 ng m −3 for Kenitra. Conversely, high concentrations of soil dust elements were expected in Kenitra owing to its proximity to the Sahara Desert but our assertion was limited as the elemental concentrations of soil dust markers varied across the cities.
For PM 2.5 fraction (Table 2) , average elemental concentrations (this study) were lower than values for reported for most cities. For instance, S average concentrations were lower than 965, 1,300 and 1,700 ng m −3 for Accra (Arku et al., 2008) , Nairobi (Gatari et al., 2009 ) and Manila respectively. Similarly, K concentrations (this study) were lower than values reported for other cities. However, average concentration of Ca (1,216 ng m ) in Aba were comparable to values for Kenitra. Vanadium and copper average concentrations (this study) were similar to values reported for other cities. Incidentally, Cr and Ni mean concentrations (this study) were similar with values for other cities except in Kenitra. Zn and Pb concentrations were close to value for Accra but lower than their corresponding concentrations at Nairobi, Kenitra, and Manila. Factors such as sampling height, time and period, type of samplers could contribute to these numerical differences.
Inter-elemental ratios
To distinguish between source origins elemental compositions, a stringent signature of elemental ratios could be a finger print for specific emissions and could provide information on source identification and apportionment studies (Yli-Tuomi et al., 2003) . Table 5 displays inter-elemental ratios of some selected emission source markers. For PM 2.5-10 , Na-Cl ratios (this study) were similar but lower than 5.14 registered for Hong Kong (Cohen et al., 2009 ). Again, Na-Cl average variance (this study) of 0.65 indicated similar ratios across the cities. Interestingly, Al-Si ratios (this study) were in agreement with values for Kenya (Gatari et al., 2009 ) and Hong Kong (Cohen et al., 2009 ). Again, S-K ratios were also in agreement with other cities except for Hong Kong. Further examination revealed that Ca-Ti ratio (this study) differed across the geopolitical zones. For instance, Ca-Ti ratios in Abuja, Kano and Maiduguri (northern cities) were in the range of 7.77-9.96 while Lagos, Aba and Port Harcourt (southern cities) showed wide disparity as it registered 12.74, 3.34 and 5.13, respectively. Sulphur-Vanadium ratios (this study) were very low compared to 356.67 for Hong Kong probably due to differences in emission source strengths. For PM 2.5 (Table 5) , most inter-elemental ratios were close to values obtained for PM 2.5-10 samples. For instance, Na-Cl recorded 1.41 (PM 2.5-10 ) and 1.44 (PM 2.5 ) at Aba while Al-Si ratios at Port Harcourt were the same in both fractions. With an overall variation of 4,827.24), S-V ratios were relatively higher than other cities and could implicate multiple emission sources or varying source strengths. Conversely, Ca-Fe ratios (this study) were lower than data for Accra, Nairobi, Kenitra and Hong Kong; while, V-Ni ratios (this study) were similar to values for other cities. Again, Zn-Pb and Zn-Cu ratios (this study) were also higher than values for other cities. Table 6 displays factor loadings of each species of PM 2.5 and PM 2.5-10 fractions, except for % Var. which is the percentage of variance that is explained by different components and factor loading higher than 0.5 were retained and shown. PCA resolved three (PM 2.5-10 ) and four (PM 2.5 ) sources. The numbers in the table are the loadings of each species to the component, except for % Var., which is the percentage of the variance explained by the components. Factor loading higher than 0.5 were retained and shown.
Principal component analysis
For PM 2.5-10 , three factors with eigenvalues greater than 1 were resolved and the cumulative explained variance was 88%. Component 1 had loadings of Ti (0.95), Al (0.95), Si (0.94), Zr (0.93), Fe (0.95) and Ca (0.66) could be associated to soil dust (Yli-Tuomi et al., 2003) . It explained about 50% variances of PM 2.5-10 total elemental concentrations. High variance explained by the factor could be due to entrained and re-suspended dust from poorly maintained road networks and unpaved walkways in most Nigerian cities. Again it could be due to Hamarttan season which is characterized by dry soil conditions, low relative humidity, scanty rainfall and north-easterly prevailing winds. Soil dust source could be either natural or anthropogenic and contribute majorly to the crustal loading in the urban environment. Interestingly, second component with high loadings of Na (0.89), Cl (0.86), S (0.93) and Br (0.78) clearly implied a sea spray source (Kothai et al., 2008) . It explained about 22% of variance of PM 2.5-10 elemental concentrations. The third component displayed high loadings of K (0.73), V (0.78), Cr (0.85), Ni (0.82), Cu (0.66), Zn (0.77) and Pb (0.68). This component was identified as industrial emissions (Kelley, Jaffe, Baklanov, & Mahura, 1995) . However, Zn could also indicate vehicular emissions as it is an indicator for two-stroke engines been used in formulations of lubricating oils (Chueinta, Hopke, & Paatero, 2000) . The factor accounted for about 15% variations of PM 2.5-10 elemental concentrations.
For PM 2.5 (Table 6 ), four components with a cumulative explained variance of 86%. were extracted from PCA. The first component had high loadings of Mg (0.83), Al (0.87), Si (0.86), Ca (0.86), Fe (0.88) and Ti (0.89) could be due to influence of soil dust. Other markers with significant loadings apportioned to this factor were Na (0.67), Cl (0.77), Br (0.66) and Pb (0.57). Again, influence of soil dust source was vivid as percentage variance apportioned to the factor is 42%. However, explained variance for PM 2.5 soil dust component is slightly lower than 54% reported for Hong Kong (Cohen et al., 2004) . The second component could be related to biomass burning emissions because it had high loadings of biomass markers; P (0.85), S (0.54), K (0.75) and Cr (0.77). High percentage (24%) of PM 2.5 total variance explained by the component could due to use of biomass as alternative source of energy in most cities as well as open burning of waste and farmlands commonly practised in sub-Saharan Africa. Third factor accounted for 15% of the total PM 2.5 variances. It displayed high loadings of V (0.96), Ni (0.83) and Zn (0.51) and could be related to emissions from petroleum products combustions. As an estimate, the number of used vehicle imported into Nigeria in the last decade was above 300,000 and it is projected that more than 450,000 by 2020 (Abiye et al., 2014) implying more consumption of petroleum product combustions. The fourth resolved component with high loadings of Mn (0.86), Cu (0.73), Zn (0.85) and Pb (0.65) could be attributed to industrial emissions and it accounted for 5% of total variances of PM 2.5 elemental concentrations. Automobiles are also known to be major sources of atmospheric Pb due to the use of leaded antiknock additives in gasoline. The effort to phase out Pb in gasoline started worldwide during the last two decades and many countries including Nigeria have seen a dramatic decrease in concentration of airborne Pb. In general, PCA explained 87% (PM 2.5-10 ) and 86% (PM 2.5 ) variances while unexplained variances (~15%) in both fraction could be attributed to unanalyzed data for other sources such as concentrations of carbon and other organic compounds.
Conclusions
Twenty-three (23) elements (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Zr and Pb) were determined for PM 2.5 and PM 2.5-10 fractions in six potential megacities; Aba, Abuja, Lagos, Kano, Maiduguri and Port-Harcourt representing six geographical zones of Nigeria. The concentration of some elements such as Ni and Pb exceeded World Health Organization guideline standards in some cities. However, most elements were not enriched while PI revealed that some elements were in moderately and high polluted class. Principal components analysis of the elemental data-sets showed that soil dust, biomass burning, sea spray, petroleum products combustions and industrial emissions were major sources of PM 2.5 and PM 2.5-10 pollutions in the study sites. However, further work is in progress to establish seasonal or yearly time trends of PM 2.5-10 and PM 2.5 in most Nigerian cities.
